24 Expression of the three Bithorax complex homeotic genes is orchestrated by nine parasegment-specific 25 regulatory domains. Autonomy of each domain is conferred by boundary elements (insulators). Here, we have 26 used an in situ replacement strategy to reanalyze the sequences required for the functioning of one of the best-27 characterized fly boundaries, Fab-7. It was initially identified by a deletion, Fab-7 1 , that transformed 28 parasegment (PS) 11 into a duplicate copy of PS12. Fab-7 1 deleted four nuclease hypersensitive sites, HS*, 29 HS1, HS2, and HS3, located in between the iab-6 and iab-7 regulatory domains. Transgene and P-element 30 excision experiments mapped the boundary to HS*+HS1+HS2, while HS3 was shown to be the iab-7 Polycomb 31 response element (PRE). Recent replacement experiments showed that HS1 is both necessary and sufficient for 32 boundary activity when HS3 is also presented in the replacement construct. Surprisingly, while HS1+HS3 33 combination has full boundary activity, we discovered that HS1 alone has only minimal function. Moreover, 34 when combined with HS3, only the distal half of HS1, dHS1, is needed. A ~1,000 kD multiprotein complex 35 containing the GAF protein, called the LBC, binds to the dHS1 sequence and we show that mutations in dHS1 36 that disrupt LBC binding in nuclear extracts eliminate boundary activity and GAF binding in vivo. HS3 has 37 binding sites for GAF and Pho proteins that are required for PRE silencing. In contrast, HS3 boundary activity 38 only requires the GAF binding sites. LBC binding with HS3 in nuclear extracts, and GAF association in vivo 39 depend upon the HS3 GAF sites, but not the Pho sites. Consistent with a role for the LBC in HS3 boundary 40 activity, the boundary function of the dHS1+HS3 mPho combination is lost when the flies are heterozygous for a 41 mutation in the GAF gene. Taken together, these results reveal a novel function for the iab-7 PREs in 42 chromosome architecture. 43 44 3 45
7 141 type, while for the HS3 replacement, there is a strong GOF transformation, and the A6 tergite is greatly reduced 142 in size or absent, while the sternite is missing ( Figures 1C and S1 ). Unexpectedly, like HS3, HS1 alone also has 143 a strong GOF phenotype. The sternite is typically missing, while the tergite is typically greatly reduced in size 144 ( Figures 1C and S1 ). 145 The fact that HS1 is insufficient for boundary function in the absence of HS3 prompted us to reassess 146 the role of HS3 in Fab-7 boundary function. To address this question, we examined the functional properties of 147 different combinations of the HS*, HS1, and HS2 regions either in the presence or absence of the iab-7 PRE, 148 HS3. We first attempted to rebuild the boundary using combinations of HS*, HS1, and HS2. As previously 149 reported in studies on the Pita sites in HS2, HS1+HS2+HS3, or HS1+HS2 ΔPita +HS3 replacements are fully 150 functional [37] . In contrast, the boundary function of the HS1+HS2 replacement is tissue-specific ( Figure 2 ). In 151 HS1+HS2 flies, the A6 tergite is fully wild type. In contrast, the sternite is absent indicative of a GOF 152 transformation of PS11PS12 in the cells that give rise to the ventral cuticle. In this context, the Pita sites in 153 HS2 are essential for boundary function in the cells that give rise to the tergite [37] . 154 We next tested the HS*+HS1 combination with or without HS3. While the HS*+HS1+H3 combination 155 is fully functional, HS*+HS1 retains only limited tissue-specific boundary activity ( Figure 2 ). HS*+HS2 156 appears to have no boundary activity in the histoblasts giving rise to the ventral cuticle, and in all male flies the 8 165 However, this experiment was done in the presence of HS3. To determine if HS3 contributes to orientation 166 independence, we generated forward and reverse HS*+HS1+HS2 replacements that lacked HS3 ( Figure 2 ). The 167 properties of the HS*+HS1+HS2 replacement resemble Class III deletions described by Mihaly et al [29] . 168 While the size of A6 tergite is normal in all but about 5% males, the sternites are typically thinner and slightly 169 malformed. This phenotype is indicative of a very weak GOF transformation of the A6 sternite (Figures 2 and 170 S2). A different result was obtained for the inverted [HS*+HS1+HS2] R replacement ( Figure 2 ). All flies had a 171 fully wild type tergite, while the sternites were weakly malformed, exhibiting weak LOF transformation of A6 172 into A5. Since the HS3 iab-7 PRE was absent in these replacements, the weak LOF phenotypes are expected to 173 arise because bypass activity is partially compromised in cells giving rise to the ventral adult cuticle. 174 Functional dissection of HS1. 175 In contrast to HS1 alone, the HS1+HS3 combination has full boundary function. To further probe the 176 requirements for HS1 boundary activity when combined with HS3, we subdivided HS1 into proximal and distal 177 parts, pHS1 and dHS1 ( Figure 3 ). Previous experiments have implicated the LBC in the late blocking activity of 178 dHS1, while an Elba/Insv recognition sequence is likely to contribute to early blocking activity of pHS1 [40] . 179 Figures 3 and S3 show that the pHS1+HS3 combination gives a strong GOF transformation of A6, indicating 180 that the pHS1 sequence is not able to reconstitute boundary activity. In contrast, the dHS1+HS3 combination 181 has a fully wild type A6 segment, just like the HS1+HS3 combination. 182 Wolle et al [34] showed that the LBC can bind independently to ~65-80 bp probes spanning the 183 GAGA3, GAGA4, and GAGA5 sequences in dHS1, and that binding to the 65 bp GAGA3 and GAGA4 probes 184 requires the GAGAG motif. However, we subsequently found that optimal LBC binding is to larger DNA 185 probes that span GAGA3-4, GAGA3-5, or even GAGA3-6. The experiments shown in Figure S4 A, B compare 186 LBC binding to the 65 bp GAGA3 and GAGA4 probes with binding to a larger GAGA3+4 probe. In both 187 binding and competition experiments we found that there is a 6-12 fold differential in LBC binding to the larger 188 GAGA3+4 probe. This difference in relative affinity isn't due to just probe length. The competition 9 189 experiment in Figure S4C shows that a hybrid GAGA3+LacZ probe of the same length as GAGA3+4 is a poor 190 competitor for LBC binding compared to GAGA3+4. Even larger differences in relative affinity are observed 191 for probes spanning GAGA3-5 or GAGA3-6. 192 While LBC binding to the 65 bp GAGA3 and GAGA4 probes requires the GAGAG motif, how 193 mutations in this motif affect LBC binding to larger dHS1 probes hasn't been investigated. For this purpose, we 194 compared LBC binding to dHS1 probes that are wild type or have mutations in GAGA3-6. Figure 4A shows 195 that LBC binding to the dHS1 probe is largely abrogated when all four GAGA motifs are mutant (GAGAmut3-196 6). 197 If the LBC binding to dHS1 is important for boundary function in the dHS1+HS3 combination, then it 198 should be disrupted when the dHS1 mGAF fragment is used for the replacement instead of the wild type dHS1 199 fragment. Figure 5 shows that this is the case. Like the HS3 replacement alone, the dHS1 mGAF +HS3 200 combination exhibited a strong GOF phenotype. If the PcG dependent silencing activity of the iab-7 PRE is required to complement the boundary defects 213 of HS1, then mutations in either the HS3 GAGA or Pho sequences should abrogate the boundary activity of the 214 dHS1+HS3 combination. To test this prediction, we generated dHS1+HS3 mGAF and dHS1+HS3 mPho 215 replacements. As expected, dHS1+HS3 mGAF lacks boundary activity, and flies carrying this replacement exhibit 216 a strong GOF transformation of A6 (PS11) ( Figure 5 ). However, contrary to our predictions, most 217 dHS1+HS3 mPho flies are fully wild type, and exhibit no evidence of either GOF or LOF transformation. As was 218 reported by Mihaly et al [29] for HS3 deletions, a small percentage (~2-5%) of the male dHS1+HS3 mPho flies 219 have a weak GOF transformation. In these flies the size of the tergite is reduced and/or the sternite is 220 misshapen. 221 The LBC binds to HS3 and binding depends upon two GAGA motifs 222 The fact that mutations in the GAGA motifs disrupt the boundary activity of HS3, while those in the Pho 223 sites do not would argue that the PcG dependent silencing activity of HS3 is probably not responsible for its 224 ability to complement HS1. Instead, it would appear that HS3 boundary function is separable from PRE 225 activity. With aim of identifying factors contributing to HS3 boundary activity, we used three overlapping 226 probes spanning HS3 (227 bp) for EMSA experiments with embryonic nuclear extracts. The EMSA experiment 227 in Figure S5 shows that each probe generates several shifts. Though the identity of most of these shifts is 228 unknown, the prominent slowly migrating shift observed with probe 2 resembles the shift generated by the 229 LBC. 230 To determine if this slowly migrating shift corresponds to the LBC, we used a 200 bp fragment 231 containing most of HS3, rather than the shorter probe 2. Like probe 2, the larger probe generates an LBC-like 232 shift ( Figure 4B) . Two experiments indicate that this HS3 shift corresponds to the LBC. The first is a 233 competition experiment with two different DNA fragments known to bind the LBC, Fab-7 G3+4 and CES 234 roX2. As could be predicted, the HS3 shift is competed by itself and also by excess unlabeled G3+4 and roX2. 235 In the second experiment, we used peak LBC fractions from a gel filtration column, plus a control fraction that 1 2 260 We also compared the dHS1/HS3 association of the Polycomb Repressive Complex 1 (PRC1) protein 261 Polyhomeotic (Ph) in the different dHS1+HS3 replacements. As would be predicted from our previous studies 262 on the silencing activity of HS3 in transgene assays, mutations in either the GAGA or Pho sequences reduce Ph-263 HS3 association ( Figure 6 ). Ph also binds to a nearby sequence in the iab-7 cis-regulatory domain and, to a 264 lesser extent, to HS1. In both cases, this association is reduced by mutations in the HS3 GAGA and Pho 265 sequences. By contrast, mutations in the dHS1 GAGA sequences (dHS1 mGAF ) have limited effects on Ph 266 association in HS3 or iab-7.
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Our mutant replacement experiments showed that dHS1+HS3 mPho has nearly full boundary activity, Previous functional studies indicated that the Fab-7 region of BX-C is subdivided into two seemingly 279 distinct elements [29]. One of these elements spans the distal nuclease hypersensitive site HS3 and corresponds 280 to a PRE for the iab-7 regulatory domain. The other element spans the three proximal nuclease hypersensitive 281 sites, HS*, HS1, and HS2. This element corresponds to the Fab-7 boundary. In each case, the functional 282 assignment was based on a combination of transgene assays and analysis of deletions in the Fab-7 region 1 3 283 generated by excision of a P-element insertion located between HS2 and HS3. This functional analysis has 284 recently been extended with an attP replacement platform in which the entire region has been deleted [34] . 285 This attP platform makes it possible to systematically test the functional properties of different Fab-7 sequences 286 in their native context. Using this platform, we recently found that hypersensitive site HS1 was both necessary 287 and sufficient for wild type Fab-7 boundary activity in a context in which the iab-7 PRE, HS3, was present. 288 Since boundary activity in transgene assays required a sequence spanning HS*, HS1, and HS2, this 289 finding suggested that the demands for full activity are considerably less stringent in the native context than in 290 enhancer blocking assays. To confirm this conclusion, we tested the HS1 by itself. Unexpectedly, it is not 291 sufficient for wild type boundary activity. Likewise, combinations of HS1 with either HS* or HS2 have only 292 partial, tissue-specific boundary activity. In both combinations, the A6 sternite in males is absent, indicative of a 293 PS11PS12 GOF transformation. For the HS1+HS2 combination, the A6 tergite is wild type, while, for the 294 HS*+HS1 combination, the tergite displays weak to moderate GOF phenotypes. The only combination of these 295 Fab-7 sequences that has nearly complete boundary activity in the native context is HS*+HS1+HS2. 296 Like HS1 alone, the impaired boundary function of HS*+HS1 and HS1+HS2 can be rescued by the 297 addition of HS3. These findings argue that HS3 must be able to contribute to Fab-7 boundary function. Two 298 different models could potentially explain the boundary activity of HS3. In the first, its boundary function 299 would depend on the ability of HS3 to recruit PcG proteins and induce silencing. In the second, boundary 300 function would reflect a PRE associated activity that is independent of PcG recruitment and silencing. For 301 example, since PcG silencing is facilitated by pairing interactions between PRE containing transgene inserts on 302 each homolog, the iab-7 PRE, HS3, might have a chromosome architectural activity just like the classical 303 boundaries [48] [49] [50] [51] [52] . A number of lines of evidence are consistent with this second model. 304 We compared the factors binding to HS1 and HS3 sequences using EMSA experiments with embryonic 305 nuclear extracts. While probes spanning HS3 gave multiple shifts, the most prominent HS3 shift corresponds to 306 a HS1 boundary factor, the LBC. This conclusion is supported by several observations. First, the HS3 LBC 1 4 308 Second, as observed for other LBC recognition sequences, antibodies against GAF, Clamp, and Mod(mdg4) 309 either generate a supershift or interfere with binding to the HS3 sequence. Third, the peak LBC fractions after 310 gel filtration of embryonic nuclear extracts have an apparent molecular weight of ~1,000 kD. These peak LBC 311 fractions generate a shift with the HS3 probe and were used for the antibody "supershift" experiments. 312 LBC binding to the Fab-7 probes GAGA3, GAGA4, and dHS1 and to three X-linked CES depends upon 313 GAGAG motifs (or GA rich sequences). This is also true for HS3. Mutations in the two HS3 GAGA motifs 314 This distinction is also reflected in the protein occupancy of wild type and mutant HS1+HS3 329 replacements. In the wild type replacement, both GAF and Pho are associated with HS3. As would be predicted 330 from the effects of GAGAG mutations on the PcG silencing activity of HS3 in transgene assays, the levels of 331 both GAF and the Polycomb protein Ph are reduced in the HS1+HS3 mGAF replacement. In contrast, mutations 1 5 332 in the HS3 Pho sites have no effect on GAF occupancy, while they reduce Ph occupancy. A prediction that 333 follows from these findings is that the GAF protein is important for the boundary activity of dHS1+HS3 mPho 334 replacement. Consistent with this prediction, dHS1+HS3 mPho boundary function is compromised when the flies 335 are heterozygous for a mutation in Trl. 336 While the findings reported here support the idea that the boundary activity of both dHS1 and HS3 is 337 mediated, at least in part, by the LBC, many questions remain. For example, why does HS3 iab-7 PRE have 338 PcG silencing activity while HS1 doesn't? Likewise, why are the X-chromosome CES able to recruit the Msl 339 dosage compensation complexes? One idea is that the silencing activities of the HS3 iab-7 PRE and the dosage 340 compensation functions of the CES depend upon the association of functionally specialized ancillary factors 341 with a platform that is provided by LBC binding. This idea would be consistent with our findings. Both the 342 silencing and boundary activities of the HS3 iab-7 PRE depend upon GAF, while only the silencing activity 343 depends upon Pho (which in other PREs is thought to function in the recruitment of PRC1). That functionally 344 specialized factors might associate with different LBC recognition elements would also fit with our gel filtration 345 experiments. We found that the LBC shifts in nuclear extracts (with Fab-7 and several CES probes) migrate 346 more slowly than the shifts observed after gel filtration. This difference in mobility suggests that there are 347 factors that associate with the LBC:DNA complex in nuclear extracts that are not integral components of the 348 LBC, and thus don't co-fractionate with the LBC during gel filtration. These factors could contribute not only 349 to the PcG silencing or MSL recruitment activities of individual LBC recognition elements, but also to the 350 boundary activity of elements like Fab-7 dHS1. 
